Evaluation of the quality of agricultural products is important because this is the basis for consumer purchases. Consumers may evaluate products on the basis of factors such as fragrance, appearance, and hardness. Texture is one of the most important factors, especially as an indication of freshness. For agricultural products that ripen after harvest, the degree of ripeness is an important factor for optimum edibility. Ripeness evaluation ideally needs to be nondestructive. Various methods have been proposed to evaluate food texture and the nondestructive evaluation of fruit ripeness. This paper reviews such methods and recent developments, focusing on those that use acoustic vibration techniques.
Introduction
Consumers focus on the quality of agricultural products when deciding on purchases; therefore, evaluation of the quality of agricultural products is important not only to farmers but to food processors and distributors. There are various factors in quality evaluation, such as appearance, taste, and fragrance, among which, texture is an important attribute. Desired textures include hardness, crispness, juiciness, and mealiness. For instance, a cucumber should have favorable crispness to be considered fresh. The complex nature of fruit texture is such that diverse attributes are required to describe textural properties and the changes in these properties as fruit ripens (Harker et al., 1997) . The gross texture of fruit depends upon the characteristics of their cells (cell size, cell wall thickness and strength, and cell turgor pressure) (Harker et al., 1997) . Changes in these characteristics are responsible for the fruit texture. Another aspect of evaluating texture is that it provides valuable data for breeding new cultivars of agricultural products. Objective and quantitative evaluation for distinguishing texture differences among cultivars helps to develop agricultural products of higher quality.
A problem in evaluating texture is that it is an ambiguous attribute, and moreover, senses differ from person to person. One method for the objective evaluation of texture is its quantification. Another problem is that most conventional methods for texture measurement, including sensory evaluation, are destructive. It is also difficult to set the number of samples for inspection. Moreover, a percentage of products may be unsatisfactory when using such a method. One hundred percent inspection is an ideal method for ensuring the quality of all products to be shipped; for example, suppose that a consumer has melons to be eaten. It may be difficult to choose which melon to eat first. The consumer may check the fragrance or feel the fruit by hand. In fact, there is significant scattering in the degree of ripeness even for melons harvested on the same day; therefore, in cases where fruit ripens after harvest, it is important for consumers to predict the ripeness for optimum edibility. The inspection must be nondestructive to meet such a demand. There are various methods for the nondestructive quality evaluation of agricultural products, including near-infrared spectroscopy for sugar content, imaging analysis for appearance, and magnetic resonance imaging for inner quality. Among them, acoustic vibration techniques are useful, especially for evaluating texture or ripeness. This paper reviews various methodologies for the quality evaluation of agricultural products. The next section discusses nondestructive quality-evaluation techniques, which are increasingly in demand in 114 agriculture-related industries. We first describe the basic theory of the nondestructive acoustic vibration method, and then methods for nondestructive measurement of the firmness or ripeness of agricultural products. In the following section, various methods for texture evaluation are discussed. We describe the characteristics of human sensory and mastication processes because texture is a human perception and is highly related to human mastication. We then review various methods for texture measurements, including both sensory and instrumental evaluations. Physical attributes other than mechanical attributes, such as optical (visible light or color, X-ray, infrared, and ultraviolet) and electromagnetic properties, are useful for evaluating the quality of fruits and vegetables. In addition, vibration techniques are not necessarily acoustic as ultrasonic technologies have also been used; however, this review is confined mainly to those methods that use acoustic vibration techniques. For ultrasonic technologies, refer to Mizrach (2008) .
Nondestructive quality evaluation of agricultural products
Various methods evaluate the texture of agricultural products based on deformation force (e.g., the puncture test and compression test). The quality evaluation of agricultural products is supposed to be an inspection of samples when we use these methods because they are destructive. For better quality control of agricultural products, one hundred percent inspection is preferable; therefore, nondestructive evaluation methods are highly in demand. In this section, we describe several nondestructive methods for the quality evaluation of agricultural products that are widely used or under development.
1) Nondestructive deformation methods
Deformation methods can be nondestructive as long as the deformation is small enough not to damage an agricultural product. Takao and Ohmori (1994) developed a practical nondestructive firmness measurement device. The plunger of the device deformed the fruit surface within an elastic range. A similar method was used by Davie et al. (1996) for measuring the firmness of kiwifruit. A more sophisticated method is a laser air-puff detector developed by Hung et al. (1999) for the nondestructive measurement of fruit firmness. They determined the firmness of three cultivars of peach ('Dixie Red', 'Harvester', and 'Sun Prince') by the amount of surface deformation made by an air puff. The deformation measured using this method increased as the firmness of the peaches, determined by a penetrometer, decreased. The laser air-puff method was used by McGlone et al. (1999) to investigate the firmness of kiwifruit. The above-mentioned methods basically measure a local property of a fruit sample, which depends on the measurement location.
Abbott and Massie (1995) used a dynamic forcedeformation test. In this method, a sample is sandwiched between a flat rigid surface and an electrodynamic vibrator. The displacement and force generated by the electrodynamic vibrator are monitored as the sample is subjected to swept sine wave vibrations. This technique avoids local influences that affect measurements made using the above-mentioned deformation methods. The technique was employed to investigate the mechanical properties of kiwifruit. Although resonant frequencies obtained from the dynamic force-deformation test did not adequately predict (r = 0.60) the firmness of the kiwifruit (maximum force) as measured by a MagnessTaylor (MT) firmness tester, amplitudes near 60 Hz were found to be the best predictor of MT values (r = 0.88).
The deformation methods described in this section can still damage the agricultural products under examination. Moreover, they only evaluate firmness on the surface of a product. One approach to solve these problems is an acoustic vibration method. The next section presents the theoretical basis of this approach.
2) Theory of a nondestructive method using acoustic vibration techniques The traditional practice of ripeness and defect evaluation is thumping or slapping a watermelon and listening to the sound it makes. Usually, trained experts evaluate the quality of watermelons using this method. A problem is that it takes a lot of experience to perfect this art. Here, we consider replacing the traditional evaluation process with an instrumental evaluation also based on acoustic properties. Sounds generated by thumping a watermelon have properties such as loudness and pitch. The harder a watermelon is hit, the louder the sounds; therefore, the loudness of the sound may not be used for quality evaluation of watermelons if we are attempting to mimic the traditional evaluation. The pitch of a sound can be characterized by its frequency. Another factor characterizing sound is resonance. The sharpness of resonance is physically determined by the quality factor (Q factor). Sounds can be detected by a sensor such as a microphone and analyzed by a fast Fourier transform (FFT) algorithm. Experts are considered to analyze the sounds of watermelons using a process equivalent to FFT analysis instantaneously in evaluating the quality of watermelons.
The ripeness of common agricultural products can be evaluated using a method similar to that described above. Such agricultural products, especially fruits, become softer as they ripen; therefore, the firmness of fruits reflects the degree of ripeness. Firmness can be evaluated by the frequency of sounds emitted when a fruit sample is hit. In general, a harder material produces higher frequency sounds if the mass is the same. Abbott et al. (1968) used a firmness index determined by f 2 2 m, where f 2 is the second resonance frequency of a fruit sample and m is its mass. This can be understood by considering the sample as a simple elastic body comprising two masses connected by a spring (Fig. 1) . The natural frequency f of the model is ,
where m is the mass of the sample and k is the spring constant of the system explicitly written as
Since the spring constant k corresponds to the elasticity of the model, the value f 2 m, which is proportional to k, can be used as a firmness index. Abbott et al. (1968) applied an acoustic resonance technique to investigate the mechanical properties of apples ('Red Delicious', 'Golden Delicious', 'Stayman', 'Rome Beauty', 'McIntosh', and 'York Imperial') by determining the elastic modulus (Young's modulus) of cylindrically cut apple flesh. In addition, the abovementioned firmness index was used to investigate the firmness of whole intact apples depending on the harvest date. The results showed that the firmness index decreased markedly past the normal time of harvest. Later, Cooke (1972) 
, based on a theoretical analysis of the vibration modes in an elastic sphere. This index was shown to have a better correlation to actual hardness. Yamamoto and Haginuma (1982) studied whether the difference between 'Starking Delicious' apples stored at different temperatures (0°C and room temperature) could be distinguished by a nondestructive acoustic impulseresponse method. They found that the firmness index determined by this method was significantly higher for apples stored at 0°C.
Another factor that can be used as an indication of the firmness of an agricultural product is the propagation velocity of sound within. This method is validated by considering the general relation between Young's modulus (E) and sound velocity (v) as follows. ,
where ρ is the density of the sample. This means that the velocity of sound propagation in a material is well related to its hardness or firmness. The harder the material is, the higher the velocity.
3) Methods of acoustic vibration detection and application to the quality evaluation of agricultural products Various techniques use acoustic vibrations for the nondestructive evaluation of agricultural products. The methods are classified according to sensors for vibration detection and excitation methods. There are two kinds of sensors: contact and noncontact sensors. Contact sensors are directly attached to the surface of the sample under examination. Such sensors that are commonly used include acceleration pickups and piezoelectric sensors. Noncontact sensors include microphones and optical sensors such as laser Doppler vibrometers (LDVs) and laser interferometers. The advantages of noncontact sensors are that they are totally nondestructive and exert no physical or mechanical influence; therefore, they do not damage the surface of a sample. In the case of contact sensors, the mass of the sensors must be negligibly small compared with the mass of the specimen (Muramatsu et al., 1997a) because the mass of the sensor alters the natural frequency f n of the specimen to f m in the following manner. ,
where m s is the mass of the sensor and m is the mass of the specimen. Another factor is mechanical excitation methods. Such methods are categorized as impact methods or forced vibration methods. Impact methods provide an instantaneous force on a sample, which freely vibrates after excitation. Any striking tool such as a metal or wooden stick may be used for excitation. A problem is that it is difficult to provide a constant excitation force when repeating the measurement; however, a pendulum (Fig. 2) is able to give an almost constant force if it is released at the same height. These methods cannot monitor the excitation force (input signal), which is needed to obtain a transfer function (especially the phase difference between input and output signals), unless using a tool such as an impact hammer equipped with an excitation force detector. Forced vibration methods continuously provide a varying (constant on average) force on a sample during measurement. These methods usually use an electrodynamic shaker or a piezoelectric vibrator. Forced vibration methods are advantageous in terms of their repeatability when compared with impact methods. In addition, the methods provide a transfer function by monitoring excitation force. The methods are classified further according to the excitation force as methods employing random or swept sine wave excitations. The random excitation method usually uses a force with a wide frequency band component. The swept sine wave method provides a force with a gradually increasing or decreasing frequency within a certain frequency range. The swept sine wave method provides more effective excitation than the random excitation method because it provides excitation energy concentrated in a small frequency band. The advantages and disadvantages of these methods are summarized in Table 1 .
Contact methods have been used since the early stages of this field of study. Finney and Noris (1968) used an accelerometer to detect the vibration of specimens ('Red Delicious' apples and tomatoes) that were excited with an audio generator driven by scanned sinusoidal waves. They characterized the instrumentation and techniques for measuring the vibration of agricultural products and also reviewed the theoretical background of determining the elastic modulus, Poisson's ratio, and internal friction. Finney (1967) used a similar technique to determine the elastic modulus of 'Delicious' apples, 'Kieffer' pears, and 'Late Elberta' peaches for different growing stages. The elastic moduli of the pears and peaches decreased markedly as they grew but the modulus of the apples remained almost constant. He used the technique for further investigation into the changes in firmness of 'Red Delicious' apples (Finney, 1970) and 'Late Elberta' peaches (Finney, 1971) at various stages during maturation, ripening, and storage. His results showed a decline in the firmness index f 2 m of the apples with storage time, and a high correlation (r = 0.88) between the firmness index and the measurements of pressure testing using an MT probe for the peaches. Abbott et al. (1992) used an accelerometer to detect vibrations of 'Delicious' apples that had been stored (for 3 to 4 months) to find relations among firmness determined by a nondestructive sonic technique, MT probe measurements, the inner and outer quality of ripeness scores determined by inspectors, soluble solid concentrations, and titratable acidity. The samples were mechanically excited by an acoustic driver driven by pulse signals. Their results showed that measurements of firmness determined by the MT probe and the sonic vibration technique were both well correlated to the evaluation scores given by the inspectors. However, the soluble solid concentration and titratable acidity were not in good agreement with the scores although these measures were known to change with maturation and ripening. used the same technique to investigate the correlation between a nondestructively determined firmness index and MT firmness or compression force for apples ('Golden Delicious' and 'Delicious'). In the nondestructive sonic measurement, they used an accelerometer placed on top of an apple. The apple was excited by an electrodynamic shaker. They reported that the correlation was reasonably high but it depended on the cultivar (r = 0.85 to 0.88 for 'Golden Delicious' and r = 0.50 to 0.59 for 'Delicious').
Piezoelectric films are useful devices for sensing vibrations within agricultural products. This type of sensor is capable of sensing vibrations on the bottom surface of a sample on a table. Shmulevich et al. (1996) used piezoelectric films to measure resonances for various kinds of fruit ('Granny Smith', 'Starking Delicious', and 'Golden Delicious' apples, pears, plums, and green and red tomatoes). The samples were mechanically excited by an impulse force. Galili et al. (1998) used a similar measurement system to measure the firmness of 'Fuerte' avocados. Their results showed that the firmness index determined by f 1 2 m 2/3 (where f 1 is the fundamental natural frequency) decreased with storage time. They also obtained coefficients of 0.659 to 0.806 for correlations between nondestructive acoustic parameters and the maximum penetration force measured by a penetration test. Shmulevich et al. (2003) applied the above-mentioned technique to develop a system for the continuous monitoring of apple firmness, which was capable of monitoring 64 apples at a time. They monitored the firmness of 'Golden Delicious' apples over some 200 days of storage in a controlled atmosphere and found that the firmness gradually declined with storage time. Stone et al. (1996) investigated the ripeness and hollow heart condition of watermelons ('Allsweet', 'King of Hearts', 'Sangria', and 'Black Diamond') nondestructively using an impulse probe. This probe utilized a piezoelectric element to sense the acoustic vibrations within the watermelons. They determined acoustic parameters by calculating the sum of the amplitude of the spectrum in a determined frequency band. The parameters were compared with values measured with a pressure tester but the correlation was not strong enough (r ≈ 0.5 or less); however, a relatively high correlation (r = 0.784) was obtained in the visually inspected hollow heart condition. This result implies the possibility of using the acoustic vibration technique for sorting according to the hollow heart condition. Peleg and Hinga (1989) used a setup for measuring the vibration transmissibility (transfer function) of fruit samples (tomatoes and oranges). The samples were mechanically excited by an electrodynamic shaker driven by swept sine wave signals. The vibration on the opposite side of the sample to the excitation was sensed by an acceleration transducer. The experimental results were discussed with reference to rheological models. Kimmel et al. (1992) used a similar technique for the experimental investigation of the mode shapes of quasispherical fruit samples ('Golden Delicious' apples and 'Navel' oranges). They calculated the parameters of a multidegree-of-freedom system model for apples and oranges using frequency response plots. Muramatsu et al. (1996) used a speaker and microphone placed on fruit samples (nectarines, Japanese apricots, plums, and tomatoes) to monitor the phase shift when the microphone was displaced along the surface of the sample. This observation allowed the determination of the wavelength and thus the propagation velocity of sound. Their results showed that the propagation velocity of sound in mature fruit was lower than that in immature fruit; however, this method was time consuming (requiring more than 30 minutes for each measurement). Muramatsu et al. (1997b) improved the system using pulse signals instead of sinusoidal signals. This method was applied to the evaluation of 'Hayward' kiwifruit firmness, which showed a longer elapsed time for sound transmission across the kiwifruit body as it ripened.
Noncontact sensing methods have been widely used in the last few decades as they have less chance of damaging the agricultural product samples under examination. Moreover, the methods provide more accurate determination of resonance frequencies than contact methods (see Eq. (4)). Yamamoto et al. (1980) conducted early studies into the use of noncontact sensing in evaluating the firmness of agricultural products. They used a microphone to sense sounds generated by giving a mechanical impulse to apples ('Starking Delicious' and 'Golden Delicious') and watermelons ('Shimao'). The determined firmness index was compared with the results of a hand-operated puncture test. There was a low correlation, probably because of the variation in the rate of deformation. The shear component involved in the measurement could be another factor; therefore, Yamamoto et al. (1981) used a constant-speed uniaxial compression test and the results from this measurement were compared with those from a nondestructive test. They reported significant correlations (r = 0.565 to 0.888) between the measurements obtained by these tests (apparent Young's modulus and the firmness index determined by f 2 m
, ρ: density) for apples ('Starking Delicious' and 'Golden Delicious') and watermelons ('Shimao').
Other examples of using a microphone for vibration detection are works by Armstrong et al. (1997) and Schotte et al. (1999) . Armstrong et al. (1997) measured the resonances of peaches ('Red Haven' and 'Crest Haven') via mechanical excitation with an impulse hammer to evaluate the firmness. They also used a different configuration of the nondestructive measurement setup, i.e., a contact method using the abovementioned impulse probe. They obtained a correlation between a parameter determined by a pressure tester and the firmness predicted by the nondestructive measurements. Correlation with the parameter using a contact method was lower than that using the noncontact method. Schotte et al. (1999) measured the firmness of tomatoes using an acoustic impulse-response technique. They obtained a logarithmic relation between the firmness measured in a sensory test and that determined by the acoustic impulse-response technique, suggesting that the sensory test distinguished firmness differences more easily in soft tomatoes.
A more sophisticated noncontact sensing technique is optical detection. The advantages of optical detection are more accurate detection of vibrations and a flatter response function over a wide range of frequencies as compared with using a microphone or piezoelectric sensor. An example of the experimental setup using an LDV is presented in Figure 3 . Figure 4 shows a typical frequency response for an apple obtained with the system in Figure 3 . Muramatsu et al. (1997a) compared the results for a noncontact method using an LDV and a contact method using an accelerometer. They demonstrated that the method using an LDV was advantageous in terms of the sensitivity in a high-frequency region (above 1 kHz). They also investigated the use of an accelerometer in contact with fruit samples ('Fuji' apples, 'Hayward' kiwifruit, 'Nijusseiki' pears, and 'Citrus hassaku'). The phase shift between excitation and the detected signals of the sample vibrations was significantly affected by the attached mass on the sample. This means that care must be taken when employing the previously mentioned method of Muramatsu et al. (1996) , in which the phase shift was measured to obtain the sound velocity in a fruit sample. A noncontact method involving the use of an LDV was applied to investigate the ripeness of kiwifruit ('Hayward'), peaches ('Akatsuki'), and Japanese pears ('Cyouju') (Muramatsu et al., 1999) , and apples ('Ourei'), persimmons ('Fuyu'), and kiwifruit ('Hayward') (Muramatsu et al., 2000) in terms of the phase shift between input and output signals. These studies showed that the phase shift significantly increased as a function of fruit maturation. Terasaki et al. (2001b) used the above noncontact LDV system to investigate the viscoelastic properties of 'Hayward' kiwifruit in terms of their resonance frequency. The degree of ripeness was determined by the elasticity index defined by Cooke (1972) : f 2 2 m 2/3 . The time-course changes in the elasticity index exhibited a biphasic decline. A similar pattern was more clearly observed for the ripening of 'La France' pears, as shown in Figure 5 Terasaki et al., 2006) when they were harvested during the optimum maturation period and stored for a short period (up to 2 weeks). The reason for this biphasic decline is currently unknown. The viscoelastic properties of ripening 'Hayward' kiwifruit were analyzed against changes in cell wall polysaccharides, which were shown to relate to the elasticity of the kiwifruit (Terasaki et al., 2001a) .
The noncontact method using an LDV and an electrodynamic shaker has been well established and extensively applied to the quality evaluation of various fruits, such as 'Andes' and 'Quincy' melons (Taniwaki et al., 2009c) , 'La France' pears (Taniwaki et al., 2009b; Terasaki et al., 2006) , and 'Fuyu' and 'Taishuu' persimmons (Taniwaki et al., 2009a) . The results of these studies showed a clear decline in the elasticity index with the time after harvest. The series of quality evaluation studies on melons, persimmons, and pears (Taniwaki et al., 2009a (Taniwaki et al., , 2009b (Taniwaki et al., , 2009c used sensory evaluation along with the nondestructive resonance method. Combining the results from both methods enabled determination of the optimum ripeness for edibility in terms of the elasticity index (Fig. 6) .
Problems in applying the nondestructive method using an LDV are cost-effectiveness and the size of the system. One solution is to replace the LDV and shaker with piezoelectric sensors, which can provide both mechan- ical excitation and sense vibrations in practice. A more practical and cost-effective device for evaluating the ripeness of melons using piezoelectric sensors is under development. Kuroki et al. (2006) reported a prototype of a portable device for evaluating melon firmness that uses this method (Fig. 7) . Although the measurement of the second lowest resonance frequency (f 2 ) slightly differed from that obtained with an LDV (less than 10% of f 2 for a melon), the difference may be negligible for practical purposes.
The propagation velocity of sound in an agricultural product sample was extensively studied in a series of investigations performed by Sugiyama's group (Sugiyama, 2001; Sugiyama et al., 1994 Sugiyama et al., , 1998 . Sugiyama et al. (1994) studied the propagation velocity of sound in muskmelons, which were mechanically excited by hitting with a pendulum, and the induced vibrations were sensed by a microphone at various points on the sample surfaces. They found that the velocity decreased as the muskmelons ripened and that the velocity and firmness of flesh were well correlated. They argued the advantages of using the propagation velocity as compared with a resonance method: (1) using the circumference of a sample compensates for the size effect; (2) easy detection of the maximum peak of the sound waves, while many resonance peaks are seen in a frequency-domain spectrum; (3) it does not require FFT analysis. Sugiyama et al. (1998) applied this technique to a portable device for measuring the firmness of melons. This device was later improved for the firmness measurement of 'La France' and 'Le Lectier' pears (Sugiyama, 2001) . A problem of the device may be its susceptibility to ambient noise because of the use of a microphone.
Texture measurement

1) Human senses and mastication
Mastication is a process by which pieces of food are ground into a fine state, mixed with saliva, and brought to approximately body temperature in readiness for transfer to the stomach, where most digestion occurs (Bourne, 2002) . Pulverization of food is the main function of mastication. Moreover, humans sense the texture of food during mastication.
The force exerted by the teeth imparts stress on the food, whereas the movement of the jaw provides strain on the food during mastication (Bourne, 2002) . The typical speed of mastication is 20-50 mm⋅s −1 (Roudaut et al., 2002) . Humans can detect loads of less than 0.01 N applied to incisor teeth and loads of approximately 0.1 N applied to molar teeth (Manly et al., 1952) . Tooth displacement of approximately 2-10 μm has been recorded as the threshold for detection (Yamada and Kumano, 1969) .
The in-mouth measuring of texture is a promising field that permits the assessment of textural changes of food during the entire mastication process. This temporal aspect is especially important for dry crisp products because of their hydration by saliva. , and Kohyama et al. ( , 2003 ) used a multiplepoint sheet sensor to display the distribution of forces on the biting surface. This made it possible to measure the whole mastication process occurring in the mouth. The multiple-point sheet sensor was used for measuring differences in the texture of cucumber cultivars ('No. 10', 'No. 20', ' No. 51', 'Tsuyataro', 'Harunomegumi', and 'C14') (Dan et al., , 2004 (Dan et al., , 2005 . Electromyography is another useful method for investigating the texture throughout the structural breakdown of food . Correlations between the sensory test scores of overall acceptability and the elasticity index determined by f 2 2 m 2/3 for 'Andes' melons (n = 20, P < 0.01). Dotted lines are for determining the elasticity index that corresponds to the period of optimum ripeness (from Taniwaki et al., 2009c) .
during mastication (Brown and Braxton, 2000; Brown et al., 1998) . A problem for measurements of the human senses and mastication is that the measurements are highly dependent on individual differences in the anatomy of the mouth and mandible as well as sensory perception.
2) Sensory evaluation
Sensory evaluation is the most fundamental mode of assessing food attributes and is based on human senses such as touch, taste, hearing, eyesight, and smell. Panelists grade food samples according to various attributes, such as hardness, sweetness, fibrousness, thickness, fragrance, and appearance, and quantify the degree of such attributes according to a predetermined interval scale. For precise studies, panelists are trained to reach a consensus on the meaning of every attribute. Usually, such meaning is given by verbal definitions. For instance, Duizer et al. (1998) defined "crispness" as the combination of the noise produced and the breakdown of the product as it is bitten entirely through with the back molars. Definitions of sensory texture attributes are critical in sensory evaluation. The most complete system of sensory texture measurement is the General Foods Sensory Texture Profile Civille and Liska, 1975; Civille and Szczesniak, 1973; Szczesniak et al., 1963) . Such a profile for food materials provides standard scales for various texture attributes. Many studies have used modified versions of the profile technique.
Sensory evaluation provides information related to the multiple attributes of food perceived simultaneously by the human senses. No instrument yields as much information as the human senses; however, a problem in sensory evaluation is the differences among languages and food cultures of panel members. Definitions of texture attributes vary among different languages. For instance, the Japanese language has seven different words that describe different aspects of what is referred to as "crispness" in English (Bourne, 2002) . Moreover, Nishinari et al. (2008) argued that complete agreement has not been achieved even among texture experts using the same language on the basis of extensive studies on texture terms in English, French, Japanese, and Chinese.
3) Texture measurement method: auditory recording of chewing sounds Recording sounds that are generated during the mastication of food enables quantification of the acoustic properties of food textures. For fresh fruits and vegetables, turgid cells are responsible for their crisp texture. Sound pressure waves are produced when the cells are broken (Vickers and Bourne, 1976) . Dry foods contain air-filled cavities. The walls that form the cavities bend and then break when a continuous force is applied to such foods. This movement produces vibrations, which generate sound pressure waves (Vickers and Bourne, 1976) . Sound waves can be detected by air conduction to the ear and bone conduction through the mandible, as well as through the soft tissues of the cheeks and tongue. Bone-conducted sounds are typically of low frequency because of the absorption of high-frequency sound components by soft tissues and the jaw. The resonance frequency of the mandible is ca. 160 Hz, at which sounds are amplified during the mastication activity (Kapur, 1971) .
The idea that auditory sensations are important for texture perception was first introduced by Drake (1963 Drake ( , 1965 who showed that crisper products produced higher sound amplitudes. Vickers and Bourne (1976) formed a hypothesis that the sensation of crispness was produced by sounds. They also showed that crisper products generated higher sound amplitudes. In their studies, crisp sounds were apparently characterized by very uneven or irregular amplitude vs. time plots. An amplitude-time plot for a crisp product is more dense and jagged than that for a non-crisp product.
However, Christensen and Vickers (1981) later found that sensory panelists were able to determine the degree of crispness, even when chewing sounds were drowned out by loud sounds. The results cast doubt on the purely auditory model for the determination of food crispness previously reported by Vickers and Bourne (1976) . The data suggest that auditory cues were not necessary to judge crispness and that vibrations produced by biting a food were responsible for assessments of crispness. Vickers (1981) then examined whether crispness judgments could be made solely based on auditory sensations, and found that assessments can be made in the absence of oral-tactile cues or on the basis of sounds alone. This result, together with the results of Christensen and Vickers (1981) , implied that information reaching the brain by either the auditory or oral route produced very similar crispness judgments (Vickers, 1981) . Later, Vickers (1987) concluded that the hypothesis described above-that crispness is a vibratory sensation-required modification to allow for the influence of nonvibratory sensations. Vickers (1981) pointed out that if the previous hypothesis by Vickers and Bourne (1976) was correct, then the judgment of crispness based solely on sounds produced by mastication should be related closely to the judgment in the actual biting of food; however, Vickers (1987) found that auditory crispness is not highly correlated to oral crispness. Moreover, forcedeformation sensations, such as those of hardness and toughness, might partly counteract the auditory sensations responsible for the impression of crispness (Vickers, 1987) . From these results, Vickers (1987) concluded that the use of a combination of acoustic and force-deformation measurements could produce an excellent prediction of the crispness of potato chips.
Various measures have been extracted from recorded sounds of food mastication, including the maximum amplitude (Kapur, 1971 ), number of peaks or sound bursts (Edmister and Vickers, 1985; Vickers, 1987; Vickers and Bourne, 1976) , mean height of the peaks (Edmister and Vickers, 1985; Vickers, 1987) and sound duration (Edmister and Vickers, 1985; Vickers, 1987) . Edmister and Vickers (1985) found that a combination of the mean height of the peaks (A) and the number of peaks (n) was most highly correlated with auditory crispness, and that log(nA) had the strongest correlation with auditory crispness judgments.
Frequency analysis of recorded sounds is a useful method of differentiating between crisp and crunchy products. The FFT has been a powerful tool in frequency analysis (Dacremont, 1995; Lee et al., 1988) . A more recent approach for evaluating amplitude-time curves is the determination of their jaggedness or fractal dimensions (De Belie et al., 2002; Duizer et al., 1998) . Peleg (1993 Peleg ( , 1997 reviewed the use of fractal analysis in food science and discussed its use as a measure of the irregular stress-strain relationship for cellular solid foods.
Although the recording of mastication sounds remains a commonly used method for analyzing food texture, it has an inherent problem in that the recorded mastication sounds represent only part of the total sound heard by the masticator (Vickers and Bourne, 1976) . A large fraction of the sound travels by bone conduction to the ear through the teeth, jaw, and bones (Vickers and Bourne, 1976) . Moreover, soft tissues in the mouth absorb sound energy, especially that of higher frequencies (Vickers and Bourne, 1976) .
4) Instrumental measurements of the physical properties
and texture of food The recording of chewing sounds provides more objective data than sensory evaluation in measuring food crispness; however, attributes of sounds depend on the person chewing the food sample, especially the size of his/her head cavity and the mandible. The ideal solution would be to translate "crispness" into a form that can be described by materials science, and to measure independent parameters at the material and structural levels (Vincent, 1998 (Vincent, , 2004 . Instrumental methods meet this requirement. The advantages of instrumental methods are • the ability to provide a common language among researchers (Abbott and Harker, 2004) ; • the ability to compare time-course changes in texture attributes over a week or more. (With human sensory evaluation, it is difficult for a panelist to remember the degree of attributes for a long time.); • the ability to provide reproducible results that are independent of panelist characteristics; • quicker measurements. The advantages and disadvantages of sensory evaluation, recording of mastication sounds, and instrumental measurements are summarized in Table 2 . The most important problem in the instrumental measurement of food texture is to determine whether the obtained data reflect the actual texture that is sensed by humans. This issue is discussed later in section 2 5).
The following is a brief review of various instrumental methods for measuring food texture that have been used frequently. Mechanical techniques for studying food texture have been well reviewed by Roudaut et al. (2002) .
Puncture tests are the most commonly used methods for evaluating food texture (Georget et al., 1995; Hayter and Smith, 1988; Hutchinson and Siodlak, 1987; Li et al., 1998; Van Hecke et al., 1995) and measure the force necessary to push a punch or probe into a food sample. The tests are characterized by (a) the use of a forcemeasuring instrument, (b) penetration of the probe into a food sample, causing irreversible crushing or flowing of the food, and (c) the depth of penetration (Bourne, 2002) . The results are usually characterized by a forcedeformation or force-time curve (Fig. 8) . A typical tool for puncture tests is the MT fruit firmness tester. A recent problem with firmness tests is the use of probes of varied geometries under the generic term of a MT probe (Abbott, 1999) . It is not possible to convert measurements made with one MT probe to the values made with a probe of different geometry because of the probe tip curvature and the fact that the firmness determined using this method depends on a combination of shear and compression forces (Bourne, 2002) . The mechanical compression test is another widely used method for food texture measurement. In compression tests, samples are compressed in one direction (uniaxial compression). Under mechanical loading, fruits and vegetables exhibit viscoelastic behavior, which depends on both the strength of the force applied and the rate of loading (Abbott, 1999) . Failure patterns can be inferred from a force-deformation curve. Compression tests have been used frequently in measuring food texture because they resemble the human mastication process (Abbott et al., 2000; Alvarez et al., 2000; Bourne, 2004; Kohyama et al., 2003; Nishinari, 2004; Varela et al., 2007; Vincent, 1998; Yamamoto et al., 1981) .
Shear measurement devices such as the Kramer shear press (Kramer et al., 1951) are widely used. This device has a series of 10 shear blades that are driven through a test sample. Shear strength is determined by the change in the slope of a force-deformation curve (Voisey, 1977) .
Tensile tests have been used to investigate the mechanical properties of food tissues (Harker and Hallett, 1992; Schoorl and Holt, 1983; Stow, 1989) , especially for vegetables with a leafy structure such as lettuce (Newman et al., 2005; Toole et al., 2000) ; however, this method is not widely used for food texture measurements because the mastication process involves mainly compression forces, not tension.
The stress-relaxation technique inserts a conical probe into a food sample to a certain depth and monitors the change in stress, which enables measurements of both firmness and viscosity. This method has been used, for example, in studying the mechanical properties of tomatoes (Kojima et al., 1991; Nevins, 1992, 1993) and bananas (Kojima et al., 1994) .
In most tests described above, a constant and relatively slow deformation rate has been used; however, a highimpact test (20-50 mm⋅s −1 ) is preferable for overcoming the slow rate (less than 20 mm⋅s ; Roudaut et al., 2002) .
Techniques fundamentally similar to those for analyzing recorded chewing sounds described above have been used to analyze instrumentally obtained data (force-deformation curves). Seymour and Hamann (1988) analyzed the data from compression and shear tests using sound pressure. They showed that the dominant frequency component differed between crispy and crunchy products; crunchiness tended to be characterized by frequencies lower than those characterizing crispness. The degree of jaggedness or fractal analysis was also used to analyze force-deformation curves from food compression tests (Barrett et al., 1994; Nixon and Peleg, 1995; Norton et al., 1998; Nuebel and Peleg, 1993; Tesch et al., 1996a Tesch et al., , 1996b . The same principle was applied to puncture test data (Pamies et al., 2000) .
The crispness index (CI) is a recently introduced index for the quality evaluation of agricultural products (Sakata et al., 2008) . The CI is defined by the sum of the absolute secondary differentiation values of a force-deformation curve. Using this index, Sakata et al. (2008) investigated the influence of three rootstock cultivars ('Shin-tosa', 'Hikari Power Gold', and 'King Kitora'), storage temperature, and storage period on the texture of 'Encore 10' cucumbers. They found that the texture of the cucumbers was more strongly affected by the storage condition than the rootstock cultivars.
Although there have been various methods for measuring food texture, as described above, the analysis of texture signals is mostly based on force-deformation curves obtained with, for example, a load sensor, which does not detect vibration higher than several hundred Hz. When biting a vegetable such as a cucumber, sounds of various pitches are produced. Thus, the texture of agricultural products affects the characteristics of sounds. This concept led Sakurai et al. (2005a Sakurai et al. ( , 2005b to develop a new texture measurement device (AMC; Acoustic Measurement of Crispness) aimed at the direct measurement and quantification of food texture, which is generally ambiguous. This device mimics the human perception of texture. We masticate food using our teeth, sense the texture signals via nerves running in the periodontia located between the teeth and jaw, and perceive the texture via the brain. The device replicates these three functions essential to the human perception of texture: the probe of the device corresponds to teeth, a piezoelectric sensor to nerves, and a computer to a brain. Manly et al. (1952) reported that a force as low as 0.01 N on the incisor teeth and 0.1 N on the molar teeth could be detected in human mastication. A displacement as low as 2-10 μm is detectable by human senses (Yamada and Kumano, 1969) . A piezoelectric sensor was used to meet the high sensitivity of the human perception of texture. The new texture measurement device enabled quantification of texture for 'Fuyu' persimmons (Sakurai et al., 2005a) and cucumbers ('Harunomegumi', 'Shakkito', and 'Sharp 1') (Sakurai et al., 2005b) . To quantify the texture, they used an FFT analyzer. Although the FFT algorithm has been commonly used for the frequency analysis of food texture data (Dacremont, 1995; Lee et al., 1988) , it is not appropriate for the texture signals obtained with this device because the signals were of a very short duration (ca. 0.5 s) and were near-random. To overcome this problem, Taniwaki et al. (2006a) developed a half-octave multifilter (Fig. 9 ) that enabled the analysis of texture signals in the frequency domain. They employed an octave scale because psychophysical relationships between stimuli and the resulting sensory sensation are generally described by a logarithmic or power relation according to the Weber-Fechner relationship. They also introduced a new texture index determined by ,
where V i is the absolute amplitude of each data point in volts and T is the data length in seconds. Later, Taniwaki and Sakurai (2008) used an improved definition of the texture index based on the concept of vibration energy as follows. ,
where f l (Hz) and f u (Hz) respectively represent the lowest and highest frequency of each frequency band defined by the half-octave multifilter, and n is the number of data points. This new definition avoids underestimation of the texture index in the high frequency region. One problem of the device developed by Sakurai et al. (2005a Sakurai et al. ( , 2005b ) is that it is not able to detect acoustic signals above ~6 kHz, mainly because of the inherent resonance of the piezoelectric sensor (buzzer-type); therefore, the resonance that interferes with texture signals could be in the observation frequency range of interest. Ideally, the detection range should cover the full audio frequency range (0-20,000 Hz) for full analysis of sound vibrations generated by a sample. In addition, higher frequencies may be important because human hearing can be characterized by a logarithmic scale (De Belie et al., 2000) . Taniwaki et al. (2006b) developed a novel texture measurement device (Fig. 10 ) that solved the abovementioned problem for the device of Sakurai et al. (2005a Sakurai et al. ( , 2005b . They used a different piezoelectric sensor (discoidal-type), the frequency response of which is almost flat over the full audio frequency range. The probe and driving cylinder were carefully designed so that their fundamental resonances were beyond the observation frequency range (full audio frequency range), thereby avoiding the influence of the resonance on the texture signals. Examples of texture signals of cabbage leaves and watermelon flesh obtained with this device are presented in Figure 11 . Together with the improved half-octave multifilter and the texture index, they integrated the techniques into a novel texture measurement system. The system was used to investigate the textures of cabbages ('SK-1', 'T520', 'M-3', 'Kinkei-201', 'Fuyukuguri', and 'Fuyu-nobori') (Taniwaki and Sakurai, 2008) , persimmons ('Fuyu' and 'Taishuu') (Taniwaki et al., 2009a) and 'La France' pears (Taniwaki et al., 2009b) . This method clarified differences in texture among cabbages of different cultivars (Fig. 12) . The texture indices for persimmons and pears gradually decreased with the time after harvest. The texture index for pears had a high correlation (r between 0.8 and 0.9) with the nondestructively determined elasticity index described in the previous section. Using the same system, Kuroki et al. (2008) clarified differences in texture for nine cultivars of bunching onion ('Shimonita', 'Gengo', 'Jionji', 'Yoshikura', 'Ohmiyakuro', 'Nishida', 'Kujofuto', 'Asagikei-Kujyo', and 'Koshizu') in terms of a texture index.
A problem in employing this system is that the speed of the probe is fixed. Ideally, the probe speed should be variable because the actual mastication speed varies among individuals. Another problem is that only one type of probe geometry is used when evaluating the textures of different types of agricultural products. Probes of different geometry should be used to evaluate texture because humans have teeth with different geometries, i.e., anterior teeth and molar teeth.
5) Relationship between instrumental and sensory measurements
Instrumental texture measurements should be validated by human sensory evaluation because "texture" is ultimately a human sensation; therefore, extensive studies have been conducted to determine the relation between instrumentally obtained data and those obtained by sensory evaluation (Bowman et al., 1972; Diehl and Hamann, 1980; Mehinagic et al., 2004; Paoletti et al., 1993) . Vickers and Christensen (1980) found that Young's modulus (stiffness) had the highest correlation with crispness. Mohamed et al. (1982) demonstrated that analysis using multiple parameters was effective in their studies using a compression test. They showed that analysis with two parameters combined gave a higher correlation (r = 0.922) and that the ratio of the work Fig. 11 . Typical texture signals obtained with the texture measurement device shown in Fig. 10 ; (a) four cabbage leaf penetration, (b) watermelon flesh. Fig. 10 . Diagram of the food-texture measurement system. Texture signals were taken by inserting a probe into a sample and detecting vibrations caused by the sample fracture. The device has a 3 mm thick and 10 mm diameter piezoelectric sensor. The 30 mm long, 5 mm diameter stainless steel probe has a conical tip (from Taniwaki et al., 2006b) .
performed during fracture to the total work until complete compression was most highly correlated with sensory crispness (r = 0.878), whereas the acoustic equivalent sound level was the next most highly correlated (r = 0.701). Stec et al. (1989) examined 'Hayward' kiwifruit of differing degrees of ripeness and found that the preferred firmness at eating ripeness varied among panelists. Duizer et al. (1998) found that sensory characteristics (crispness, pitch, and crumbliness) correlated significantly to the fractal dimension. Harker et al. (2002) investigated the relationship between various instrumental and sensory measurements of the texture of apples ('Cox's Orange Pippin', 'Pacific Rose', 'Granny Smith', 'Royal Gala', 'Fuji', and 'Red Delicious'). Their results showed that puncture tests are better at predicting sensory texture attributes than are other methods, including tensile tests, twisting Kramer shear tests, the recording of chewing sounds, and nondestructive impact-response tests. Using the puncture tests, they demonstrated that people are able to discriminate differences in texture between apples that differ by 6 N. Correlations between the texture index and scores of sensory evaluation were studied by Sakurai et al. (2005a) and Taniwaki et al. (2009a) for persimmons ('Fuyu' and 'Taishuu') and by Taniwaki et al. (2009b) for 'La France' pears. Their results showed that hardness or firmness scores from sensory evaluation were well correlated with the texture index.
Conclusions
For the nondestructive evaluation of agricultural products, one approach is to develop devices that are more practical and cost-effective in evaluating the optimum ripeness of various fruits. Such devices are currently under development. Another approach is to gain a theoretically in-depth understanding of the mechanical vibrations of agricultural products. Although there have been studies on the vibrational modes of ellipsoidal shapes (Cherng, 2000; Cherng and Ouyang, 2003; Jancsok et al., 2001 ) for instance, the vibrational characteristics of agricultural products, such as watermelons, that consist of two-layered spherical shells have not been fully analyzed. Understanding such dynamics would help in developing a methodology for obtaining inner quality information on agricultural products.
There are various verbal expressions for food texture, as previously stated. Although some relations have been obtained between instrumental and sensory measures, especially hardness or crispness, textures that have various human expressions have not been distinguished numerically or instrumentally. Further research is necessary to clarify the characteristics of a wide variety of textures.
Texture strongly depends on the mechanical attributes and structure of food. In particular, agricultural products consist of many microscopic cells; therefore, microscopic characteristics of cell failure as well as cell turgor and hardness of cell walls reflect texture. Although the texture measurement techniques described in this review are based on a macroscopic approach-measuring the texture of agricultural products as bunches of many cells-the measurement of texture at a microscopic level may be important to further understand the mechanisms that yield various textures.
Literature Cited
